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Foreword

The objective of this research is to map lateral variations of regional wave Q in eastern
Eurasia using data from various sources, including the 36 new CNDSN stations in China.
The seismic waves utilized include high-frequency regional phases Lg, Pg, Pn, and Sn, as
well as long-period Rayleigh waves. The project was initiated by Dr. Jiakiang Xie, who
completed much of the high-frequency regional wave analysis in the first two years of the
project. Following Dr. Xie’s departure for a position at AFRL, the project was continued
at LDEO by co-PI’s Dr. James Gaherty and Dr. Arthur Lerner-Lam. As a result, this
final report consists of three appendices, each representing a distinct phase of the project.
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[1] We measure Q of crustal Lg waves in eastern Eurasia
using the reliable two-station methods. More than
5,000 spectral ratios are collected over 594 interstation
paths, and are used to determine values of Lg Oy and 1 (Q at
1 Hz and its frequency dependence) over these paths. These
values are used to derive tomographic models of laterally
varying Qp and m with resolutions between 4 and 10°. The
Qo model contains values that vary between 100 and 900.
Qo are the lowest in the Tibetan plateau, increase to
moderate levels towards the east and north, and reach
maxima in the Siberian and eastern Europe Cratons. Q,
values correlate well with regional tectonics. Most m values
are between —0.14 and 0.50, with a mean of 0.18. These
values are lower than those obtained previously using either
an Lg coda Q method, or a method of simultaneous
inversion of source spectra and Q. Citation: Xie, J., Z. Wu,
R. Liu, D. Schaff, Y. Liu, and J. Liang (2006), Tomographic
regionalization of crustal Lg Q in eastern Eurasia, Geophys. Res.
Lett., 33, L03315, doi:10.1029/2005GL024410.

1. Introduction

[2] The Lg is typically the most prominent short period
seismic phase observed over continental paths at distances
greater than 200 km. Lg can be treated as a sum of higher
mode surface waves, or multiple supercritically reflected
S waves in the crust. The quality factor (Q) of Lg closely
resembles the crustal average of shear wave Q. The Lg Q
is known to be highly variable, by up to an order of
magnitude, across major continents [e.g., Xie and Mitchell,
1990; Xie et al., 2004]. Such large variations are caused by
the fact that Q is strongly affected by crustal properties such
as fluid contents and temperature, both of which can vary
significantly from one region to another [Mitchell et al.,
1997]. Reliable measurements of Lg Q are difficult because
the Lg amplitudes are affected by complications of source
spectra and 3D velocity structures whose effects are difficult
to fully account for, resulting in errors in Q measurement.
Assuming that the long-duration coda of Lg is composed of
singly scattered Lg by crustal heterogenecities, one can
measure Lg coda Q using individual seismograms [Xie
and Mitchell, 1990; Mitchell et al., 1997]. The Lg coda Q
should grossly approximate the Lg Q in the areas sampled
by the scattered waves.
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[3] Among methods of measuring Q using direct Lg
waves [e.g., Xie et al., 1996; Phillips and Hartse, 2002],
the standard two-station method has the advantage in that
it allows the source spectra to be canceled in Q measure-
ments. The reversed two station method [Chun et al.,
1987] further allows the cancellation of site responses.
These methods, while being the most reliable, require strict
recording geometries and hence dense station and event
coverages.

[4] The eastern part of the Eurasian continent that
includes regions in and around China has a complex
tectonic history. Currently the collision between the Indian
and Eurasian plates to the southwest results in the uplift-
ing of the Tibetan plateau. The extension along the east
coast of China may be related to the underthrusting of the
Pacific plate from the east. These collision and under-
thrusting processes serve as the primary driving forces of
the current motions and deformations of a collage of
blocks with diverse histories of evolution. Timing of the
last significant tectonic activity that modified the crustal
blocks ranges between Paleozoic and current. Mitchell et
al. [1997] found the Lg coda Q values throughout Eurasia
tend to correlate with the time that has elapsed since the
last major tectonic activity. In the past decades there has
been a steady accumulation of digital Lg waveforms from
eastern Eurasia brought by the installation of various
broad band seismic networks and the high seismicity. In
this paper we report a tomographic regionalization of Lg
Q in the region, obtained by applying the two station
methods to more than 5,000 recently collected Lg spectral
ratios.

2. Data and Method of Q Measurement

[s] One hundred and sixty two broad-band seismic
stations are used in this study. The network affiliations
include the Global Seismic Network (GSN) and various
national or portable networks such as the Chinese Na-
tional Digital Seismic Network (CNDSN), the Kyrghistan
and Kazakhstan seismic networks, and the three passive
networks deployed in the Tibetan Plateau [Xie et al.,
2004]. Vertical component Lg waveforms from 186
events between 1988 and 2004 are retrieved from Data
Management Centers of Incorporated Research Institution
of Seismology (IRIS) and CNDSN. Most events are
moderately sized (with magnitudes clustered around
5.5). Fourier spectra of Lg are obtained using a well-
established procedure to deal with noise and wave dis-
persion [Xie et al, 1996, 2004]. More than 6,000 Lg
spectra are collected. From these, 5,787 pairs of spectra
are selected from two stations that are (1) aligned
approximately with the source, (2) separated far enough
(>250 km), permitting the use of the standard two-station
method for Lg Q measurement [cf. Xie et al., 2004,
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Figure 4]. About a quarter of these spectral pairs further
satisfy the criterion of the reversed two-station, two-event
condition (i.e., the sources that generated the ratios are
located on the opposite azimuths viewed from the stations
[c.f. Chun et al., 1987, Figure 4]), permitting estimation
of both inter-station Q free of site responses, and ratios of
site responses [Chun et al, 1987]. By examining the
latter ratios a few stations are found to have non-unity
site responses and/or erroneously documented instrument
responses at levels higher than about 2. These stations are
screened out in the subsequent analysis. This results in
5,265 useful spectral ratios that collectively sample 594
inter-station paths. Assuming that the Lg Q follow the
power-law frequency dependence (Q = Qof™ where Q is
Q at 1 Hz and v is the frequency dependence), the inter-
station Oy and m can be estimated using the following
concise relationship (c.f. equations (2) through (4) of Xie
et al. [2004]):

v, A}/z Ai(f
ln{’r{TLi hl|iF X Ajgf§:| } = (1 - 7]) hlf— an07 (1)

where ¥, is the typical Lg group velocity of 3.5 km/s, A;
and A; are the epicentral distances to the two aligned
stations where Lg spectra 4,( /) and 4;( /) are collected, A, ;
is the interstation distance. In the above equations the left
hand quantity is calculable from the observed spectral ratios
(A(f)A(f)) and can be averaged over repeating two-
station paths to provide stable estimate of Oy and m by a
linear regression. We shall denote this quantity as “reduced
spectral ratio.” Average reduced spectral ratios are calcu-
lated over the 594 paths to estimate interstation Lg Q, and
1. Typically, the lowest frequencies that yield usable
reduced spectral ratios are between 0.1 and 0.3 Hz. The
highest usable frequencies are primarily controlled by the
signal/noise ratio threshold of 2 used in this study, and
typically vary between about 1 and 2.5 Hz. Figures 1 and S1
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Figure 1. Examples of average inter-station reduced
spectral ratios (circles) and the best fit Lg Q models (lines,
see equation (1)). Station codes, interstation distances and
the estimated Oy, m values are written in the panels. Left
panel shows the average ratio over an inter-station path in
southwest China, with sources located in the same direction,
so the standard two-station method [e.g., Xie et al., 2004] is
used. Right panel shows the average ratio that samples an
inter-station path mostly located in eastern Siberia, from
sources located in opposite directions, so the method of
Chun et al. [1987] is used.
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Figure 2. Map showing two-station paths used in this
study, with colors indicating the values of Q, estimated for
the paths. An enlarged version of this map is shown in
Figure S2 in the supplemental material.

in the supplemental material' show examples of reduced
spectral ratios and the best fit Q models.

3. Result of Q Tomography

[6] Figures 2 and S2 show the 594 two-station paths with
colors indicating the values of the Oy measurements. These
values tend to be coherent on a large scale and are input to a
tomographic back-projection algorithm to invert for the
lateral variations in Qy. The back-projection algorithm is a
well established, iterative algorithm that reduces the model
mistfit (residual) by updating Oy models along one path at a
time (for more details, see Xie and Mitchell [1990] and Xie
et al. [2004]). To parameterize the spatially varying Qy, the
study area is divided into about 2,300 cells with constant O,
values and a size of 2 by 2°. Figure 3 shows the resulting Q,
model. The errors and resolution associated with the model
are estimated using the algorithm of Xie and Mitchell [1990]
and Xie et al. [2004]. Estimated random errors for the Q
model in Figure 3 are typically about 10—15%. The
resolution, as measured by the point spreading functions,
varies between about 4° in eastern China and about 10° in
higher latitudes (>55°N).

[7] The most striking low Qq region in Figure 3 is that in
and around the Tibetan Plateau where Q, is between about
100 and 200. Toward the east, O, increases to about 300 in
the Songpan-Ganzi Belt and Qaidam Basin, and to 300—550
in the Yangzi and south China blocks. To the north of these
regions there is a band of moderate Q, regions (300—450)
that covers the Tarim Block, the Ordos and the Sino-Korean
Platforms. To the north of this band Q, increases with
increasing latitude in the Altaids, to between about 400
and 600. Much of the Kazak Massif contains O values that
are greater than 600. Variations of Q, in the northernmost
subregions can be resolved only at scales of about 10° due
to sparse ray coverage, with two broad regions of high Qg
values between about 700 and 900 in the Siberian and
Eastern Europe Cratons. Between these regions lies the
Siberian Trap, a province that was affected by wide-spread
volcanism and rifting in the late Paleozoic-Mesozoic time.
Values of Qy in the Trap are between about 400 and 500,

"Auxiliary material is available at ftp://ftp.agu.org/apend/gl/
2005GL024410.



L03315 XIE ET AL.: LG Q IN EASTERN EURASIA L03315
600 .t
SOo
100 2 rr";' } . -'-.
'“ By ,‘— s f.' AN R
3p- N iy : it ids .
- e r L
40; “ 3 =~ - \60
50.; 8 o \60
60° QEA o 740
70° . : - 20 A3
80° 90 100° 110" 1
100 200 300 400 500 600 700 800 900

Figure 3. Lg O, map for eastern Eurasia obtained in this study, and simplified tectonic boundaries [e.g., Mitchell et al.,

1997; Hearn et al., 2004; Liang et al., 2004]. Abbreviations

are: Tibetan Plateau (TP), Tarim Block (TB), Himalayas (HI),

Songpan-Ganzi Belt (SG), Southeast Asia subplate (SEA), Yangtze block (YB), South China Block (SCB), Sino-Korean
block (SK), Suolun-Xiamulun block (SX), Kazak Massif (KM), Siberia Craton (SC), Siberia Trap (ST) and Eastern Europe
Craton (EC). The Ordos block is centered at about 117°E and 37.5°N [e.g., Liang et al., 2004] and is merged into the SK for
simplicity. Note the maximum latitude plotted is 5° less than in Figure 2.

relatively lower than in the Cratons. In general, Lg Qo
values in Figure 3 exhibit a good correlation with the time
since the last major tectonic events that modified the blocks,
as found by Mitchell et al. [1997] for Lg coda O, values.
The variations of Lg Qp in Figure 3 in the southern and
eastern portions are more drastic than those of Lg coda Q
shown in Plate 1 of Mitchell et al. [1997]. This indicates a
higher resolution of the Lg Q model than the Lg coda Q
model, which is expected since the Lg coda is composed of
scattered Lg waves that sample elliptical areas rather than
great-circles. Lateral variations in Lg coda Qy is inherently
smeared out by this elliptical sampling pattern.

[s] The frequency dependence (m) values are measured
using the slope of the linear regression to the reduced
spectral ratios (equation (1); Figure 1 and Figure S1). In
theory fitting the slope (1 — m) is more unstable than fitting
the intercept (/n Qp) when the data (reduced spectral ratios)
are repeatedly sampled in a narrow range of /n f near zero.
In practice, Xie et al. [2004] state that to obtain stable
measurements of 1, a wide f range between about 0.1 and a
few Hz is desirable. Unfortunately, many spectral ratios
used in this study are only available in a relatively narrow
frequency range between about 0.1 and 1 Hz owing to the
rapid loss of high frequency signals at the more distant
stations. We are therefore less confident at the measured m
values for many individual paths. We examine the gross

distribution of the 594 m measurements by calculating their
mean and standard deviation, which are 0.18 and 0.32,
respectively. Therefore most m values are between —0.14
and 0.50. The mean n of 0.18 is lower than the mean n
values of 0.4—-0.5 obtained using Lg coda [Mitchell et al.,
1997] or a method of simultaneous inversion of source

Figure 4. Map of power-law frequency dependence (m)
obtained in this study. The cell size used in the inversion is
4 by 4° and twice as large as that used in Q, inversion
(Figure 3). The larger size is used to avoid spurious
oscillations of m caused by its measurement instability. An
enlarged version of this map is shown in Figure S3 in the
supplemental material.

4
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spectra and Lg Q [Xie et al., 1996]. This discrepancy in
measured m values may result from systematic bias in the
different measurement methods, each is based on specific
assumptions. The Lg coda Q method assumes a single,
frequency independent scattering process. The simultaneous
inversion of source spectra and Q assumes an idealized,
omega-squared source model. The two-station method
assumes nothing about Lg scattering or source model, but
has a strict requirement of recording geometry which often
leads to a large epicentral distance (>1500 km) of the more
distant station. The assumptions of Lg scattering or omega-
squared source model may not be perfectly valid, or 1 could
tend to decrease with recording distance in addition to
varying laterally [Xie et al., 1996]. Assuming that the
distance dependence is not the case and m values measured
in this study are not grossly biased, we may map the lateral
variation of ) spatially which results in broad regions with
low m values (between —0.15 and 0.25) throughout the
interior of the study area (Figures 4 and S3). Contrary to the
similarity in Qg models obtained using Lg (this study) and
Lg coda [Mitchell et al., 1997], the  model in Figures 4 and
S3 tends to be significantly lower than those in Mitchell et
al. [1997].

4. Discussion

[o] Lateral variations of Lg Q at 1 Hz obtained in this
study generally correlate with time since the last major
tectonic event that modified the crustal Q structure. This
correlation is similar to that found in a previous study of Lg
coda Q [Mitchell et al., 1997]. Values of power-law
frequency dependence (1)) of Lg Q measured in this study
are systematically lower then those obtained previously
using Lg coda, or using a method of simultaneous inversion
of Lg source spectra and path Q. This discrepancy may be
caused by break-downs of the stochastic Lg scattering or
source models assumed by the previous methods, or an
inherent distance-dependence of m caused by a distance-
evolution of the Lg modal composition [Xie et al., 1996].
Resolving this discrepancy is important because path-

XIE ET AL.: LG Q IN EASTERN EURASIA
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corrections at high frequencies are critically dependent on
accurate 7 values, and because inference of layered crustal
Q structures and their causes can be made using m values
[Mitchell et al., 1997; Xie et al., 2004]. Future research
using data with high signal/noise ratios in a wider frequency
range should enable us to determine m values reliably, and to
explore the cause of the m discrepancy.

[10] Acknowledgments. We thank Chuntao Liang, Xiaodong Song
and Brian Mitchell for providing files containing tectonic features in the
study area. Research of J. Xie, Y. Liu and David Schaff are supported by the
Air Force Research Laboratory under Award F19628-03-C-0122. This is
Lamont-Doherty Earth Observatory contribution 6836.
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Pn attenuation beneath the Tibetan Plateau

Jiakang Xie

Abstract Pn spectra are collected from thre®SSCAL seismic experiments in the
Tibetan Plateau (TP)ver four path groups to study Pn attenuation. The first and second
path groups run southward from the Lop N@&sfTSite (LTS) to stations in north and
south central ibet. Thethird and fourth path groups form &WNNE-oriented profiles in

the eastern TPEvents recorded by the first 2 path groups are also recordeatentral
Asian paths running westerly from the LTS to theyighistan network (KNET).A com-
parison of Pn spectra from theseerds reveal that mantle lid under north central TP
attenuates Pn morevaeely than under central AsigApparentQ, ands, (Pn Q at 1 Hz

and its frequenc dependence) are estimated with a simplified geometrical spreading
(G.S.T) of A3, Over path group 1 that heavily samples northern@gand s are esti-
mated to be 1833 and 0.80.1. Ower path groups 2 and 3 that sample either a mixture
of northern and southern Tibet or easteiveT, Q, and, are between about 250-270 and
0.0-0.1, respeately. Over the fourth path group that sample the easternmost TP the
respectre estimates are 3461 and 0.20.1, similar to the estimates of 364 and 0.5 for
central Asian paths from LTS to KNETA comparison of total Pn attenuations that
include effects of both G.S.&nd Q in continental gions shav that they are similar in
relatively stable regions of central Asia, Scandinavia and Canadian shiétdin the TR

Pn attenuation is the highest under north centitz¢tT and decreasesward south and
east. Ineasternmostilbet Pn attenuation becomes similar to those in stable regions. Lat-
eral variation of Pn attenuationversely correlates with that of the Palecity. Possible
causes of this variation include (1) a thermally@rimantleQ,, and (2) r@ion-specific
velocity structures, which may be characterized by different lid gradients, and density and
aspect ratios of 3D scatterers in the vicinity of the Moho.

Abbreviated title: Pn attenuation in Tibet

Introduction

Pn is the first arriving high-frequenseismic phase at regional distances between
about 2-15°. It is an important phase to be used in location, identification and size-estima-
tion of seismic eents, and in inferring the velocity and attenuation structures of the
Earth's yopermost mantleAt close distances Pn is muchdila mantle head ave which
evdves into mantle turning aves with increasing distancee(g, Sereno and ®Gen,
1990). Thispeculiar vaveevdution causes the features of Pn, such as its ray geqgmetry
travel time and amplitude to vary with distance in manners that are highly dependent on
the velocity gradient in the mantle lid. Simplifications to these variations are typically
introduced when Pn data is used to study lid structiresarrval times hae been &ten-
sively used to study the lateradrations of compressionalawe velocity (vp) in the lid
(e.g., Hearn et al., 1986). Most studieseh@nored efects of the mantle velocity gradi-
ent and treated Pn as a pure heasleat all distancesA few sudies, such as Zhao and
Xie (1993) and Hearn et al. (2004), accommodated the first-order effeclaxity
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gradient and obtained, models that vary both laterally and vertically in the mantle lid.

Few studies hae keen conducted to use Pn amplitude to estimate its attenuation, or
Q. A fundamental difculty in such studies is caused by the lack of knowledge of the
geometrical spreading term (G.S,which describes the Pn amplituddl-bff with dis-
tance owing to the awdront expansion in the mantle lid. The Pn G.Sdlvery sensitre
to details of the lid velocity structure. Sereno ande®i(1990), Xie (1996), Lay et al.
(2006) and Yang et al. (2007) estimated the G.8Pn for Scandinavia, central Asia
and China using synthetic seismograms calculated for various 1D velocity modegls. The
found even for these simplified models the G.SMaried with distance and frequenia
rather comple manners. Inthe real 3D Earth structureyem more complications are
expected. Br example, scattering and multiple bouncing (whispering-gallery) processes
may affect the Pn awdrain (e.g., Men& and Richards, 1980, 1983; Kerna and Doorn-
bos, 1991; Ryberet d., 1995; Moroze and Smithson, 2000; Neack and Stacg 2002;
Nielsen and Thybo, 2003)oTackle the uncertainty in G.S.T., different parameterizations
have been used in studies of Pn amplitude attenuation. On the basis of coarse fits of syn-
thetic seismograms, Sereno et al. (1988) and Xie attdriP(1999) assumed a simplified,
frequeny independent G.S.Bf A2 and estimated models of Pn Q()) in Scandi-
navia and central Asia. Th@ssumed a powersafrequeng dependence of Pn Q,

Q(f) =Qof” , (1)

whereQy andn are Pn Q at 1 Hz and its frequgndependence, respeaiy. They
obtained similaQ), values of 325 and 364, amdvalues of[D.5 for the tw regons. Zhu

et al. (1991) simultaneously estimated a frequatependent G.S.Bnd Q(f) for Cana-

dian shield. Other authors such askér and Wdllace (1997), who studied Pn attenuation

at neatregional distances within about 350 km, simply parameterized Pn attenuation by a
single G.S.Twithout Q.

The mantle lid under the Tibetan plateau (TP) is known te lmghly laterally
variable P vavevelocities (/). Zhao and Xie (1993), McNamara et al. (1997) and Hearn
et al. (2002) used Pn aral time data to ivert for the laterally aryingv, models. Their
v, models contain grossly similar features such as a zonavof Jainder northern T,P
and highv, under much of southern TRi and Barazangi (1983) and McNamara et al.
(1995) also found that the Srave which is the shear avethat traverses the mantle lid
similarly to Pn, seemed to suffer abnormally high attenuation under northerfih&Be
findings are used to infer that the mantle lid is hot and partially molten under a broad
region in northern TPand cold under southern TResults of Pn and Sn studies contrib-
uted to the deslopment of a geodynamic model in which the Indian lithosphere under
thrusts in southern TP (Nelson et al., 1996), and subducts into the mantle further south,
along the latitude dfB2°N (Tilmann et al., 2003).

Measurements of Sn attenuation under TP is limited to a quadi@tnparison of
the relatve anplitude of Sn to that of P coda. By contrast, the amplitude spectra of the
Pn wavdrain can be quantitatly calculated at the distances where Pn is the firstahrri
In this paper we present analyses of the attenuation of Pn spectra recorded during three
PASSCAL experiments in TPWe first analyze Pn spectra from threeerds that
occurred in 1994 or 1999 in the Lop Nop Na@sT Site (LTS) of eastern Tarim Basin,
which are simultaneously recorded by the INDEPTH (International Deep Profiling of
Tibet and the Himalaya) Il or Il stations to the south crossing thendPKhyrghistan
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network (KNET) to the west crossing eastern Tienshan. A comparisonvd?magpectra
recorded by the INDEPTH and KNET stations provides direct evidence that the mantle
lid under the TP is more attenuetithan that under eastermeiishan. W then quantify

the Pn attenuation along paths to INDEPTH meks by estimating apparent Pn Q under

a dmplified G.S.T and om@asquared source models. This is followed by-station
measurements of apparent Pn Q along BASSCAL profiles in eastern Tibet, depéul

during the 1991-1992 Tibetan Plateaxperiment. V& report a spatial trend for the
apparent Pn Q at 1 H®{) to be bw in north central TPand to increase both southvad

and eastward. This trend correlates with the spatiahtion of Pn velocity measured in
previous studies. Finally we compare the total Pn attenuations reported for various conti-
nental regions in the world, by taking into account both the GaBdTQ model. W find

that in the Canadian and Scandinavian shields, central Asia, and easternmost TP where
Pn velocity is high% 8.0 km/s), the total Pn attenuations are similar to one another and
much weaker than that under the northern We infer possible causes of thegienal
variation of Pn attenuation, including variations in either a temperature-serigitiQ,,

and/or in fine-scale velocity structures in the vicinity of the Moho.

Data Processing
Figure 1 shows all seismic stations in Tibet deployed during the tA®SEAL eperi-
ments. Thel991-1992 Sino-US Tibetan Plateau experiment consisted of 11 broad-band
stations that were deployed between Ji®@1 and July1992 (Owens et al., 1993) in the
eastern part of the plateau. The INDEPTH Il experiment was conducted in southern
Tibet between May and Octob&894 (Nelson et al., 1996) with 15 broad-band or short-
period stations deployed along an NNE-oriented profilee INDEPTH Il experiment
was conducted in central Tibet between Jul998 and June, 19990fy-seven broad or
intermediate band and 15 short-period stations were deployed along a profile across the
Banggong-Nujiang Suture (BNS) in a NNW direction (Figure 1; also c.f. Rapine et al.,
2003). Stationgn all three experiments are three-component, with sampling rates of 20
s or higher Figure 1 also shows regionalemts used in this studyFigure 2 shows an
example of the record sections containing Pn.

To dbtain stable estimates of Pn amplitude spectra, a finite-ler@tdrain that
included Pn and its coda was yimisly used by Sereno et al. (1988), Zhu et al. (1991)
and Xie and Patton (1999)n this study we follav the procedure by these authors to
compute gerage spectra of Pn and Pn coda, using spectra from a serierlapping
windows applied to theertical-component seismograms. These windows laaonstant
length of 4.5 s, a 20% taper and 50%ertap. Only spectra with signal to noise ratios
larger than 2 are used. The maximum number of the windows foea ggismogram is
determined by the folleing criteria: (a) the total length of Pnawdrain sampled does
not exceed 12.5 s (i.e., the maximum wwdwmber is 5), (b) at closer distancés<
1000 km) the last windw does not include signals with group velocities slower than 6.6
km/s so that the crustal Pgaveis excluded; and (c) at Ige distancesAC1L500 km) the
last windav does not include the possible reflections from the 440 km and 660 km dis-
continuities, previously observed in Tibet (8301 Program Group, 1988ure 3 shws
an xample of the windows used, and the resulting individual sachge Fourier spectra
of the Pn vavdrain. Theeffect of ambient noise is reduced by subtracting the signal
power by the noise peer. Instrument responses are then reedo We dhall refer to the
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avaage spectra thus calculated for the Pavavain as "Pn spectra” in the rest of the
paper.

Features of Pn Spectra from Events in the Lop Nor Test Site

Spectra from the 1994 Explosions

During the INDEPTH Il gperiment, tvo undeground nuclear explosions occurred
in the LTS of eastern Tarim Basin (Figure 1). Pawdrains were recorded by all 12
operational INDEPTH stations for the Octobem,£5.9) explosion (Figure 2), and by 7
stations for the June 10n{=5.7) plosion. Pn spectra from both explosions were also
recorded by the Krghistan network (KNET) to the west (Figure 1), and studied by Xie
and Patton (1999). The paths to the KNET stationgsa to the easterniehshan. In
comparison, the paths to the INDEPTH Il netiw run southward and sample the. TP
Both groups of paths kia smilar, far-regional distances between about 1050 and 1550
km (Figure 1). Any anisotropic Pn radiation patterns are expected to be minifradre-
fore we may directly compare the Pn spectra to see the gross attenuation effect of the
mantle lid under Tienshan and the Tibetan Plateau. The tpotws of Hgure 4 shw
the Pn ground displacement spectra from both explosions, scaletliy reduce the
effects of G.S.T.

A prominent feature of the Pn spectral amplitudes from both explosions is their
variability within the networks, particularly within the KNEBoth networks hee ger-
tures of less than about 350 km compared to ¥emge path lengths of > 1050 kmetY
the sample standard deviation is typically at tlvellef [(150% of the aeraged spectra for
the KNET stations, and range betwed0% (at frequencies < 1 Hz) ah80% (at fre-
guencies > 1 Hz) for the INDEPTH stations. For both networks the amplituigions
are not monotonic with distance, so path attenuation from finite Q is not the primary
cause of theseaviations. Xie(1996) and Xie and Patton (1999) concluded that the most
likely cause for the drastic Pn amplitudeiations across the KNET is a lateralprying
Moho topograph that likely occurs along the Tienshan range. Xie (1996, 2003) con-
ducted ray tracings in 2D velocity models for Central Asia in and aroundighsh&n
region to demonstrate the potential effect of Moho topograghgnificant amplitude
variations of Pn wer short distance ranges seem to be common in other mountainous
regions in the world (e.g.,iffker and Wallace, 1997)The use of a finite durationawve
train to calculate Pn spectra has not sufficiently suppressedrigbility. Therefore to
study the gross effect of whole-path attenuations, we tak network gerage of Pn
spectra, as shown in the right columns of Figure 4.

The netvork-averaged Pn spectra from the well recorded, October 7 explosion (top
right panel of Figure 4) start at similarvéis at similar distances for KNET and
INDEPTH Il at the lowest frequepdq[D.4 Hz). With increasing frequeyahe average
spectrum from the INDEPTH Il network rapidly falls b&lthat from the KNETAt [1L
Hz the separation between theotgectra reaches a factor of 4. At higher frequencies the
separation increases monotonically with freqyeand overwhelms the ariabilities
within the networks as measured by the standavéhtiens. At4 Hz (the highest fre-
gueny available for INDEPTH spectra), the separation reaches a fact@%f Network
avaaged spectra from the June 10 explosion (right panelvof2rof Hgure 4) hae a
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similar, frequeng-dependent separation, although the smalentesize causes both
fewer recordings and narrower recording ban8isice the recording distances to KNET
and INDEPTH networks are similathe frequeng dependent separations between the
network-aeraged Pn spectra from both explosions mean that Pn attenuation under the
Tibetan plateau and Tienshan is similar at lwequencies (0.4 Hz), but becomes
increasingly different with increasing frequgnc

Spectra from the 1999 Earthquake

Event "99.030" in Figure 1 is am,=5.9 earthquakon &nuary 30, 1999, which is
located nearby the 1994 explosions. Theneis simultaneously recorded by 10 KNET
and 38 INDEPTH lll stations. Of the latte85 ae deployed along a main profile that
crosses the BNS, and 3 are deployed on the BN®Uiside the main profile (Figures 1
and 5). Pn velocity analysesveal that the BNS is an approximate boundary separating
regions of abnormally sle and fast mantle lid velocities (Zhao and Xie, 1993; McNa-
mara et al., 1997; Hearn et al., 2002; Xie, 2008). in this study we va dvided the
INDEPTH Il stations into tw groups. Group 1 (denoted as llI-1) contains 15 stations
south of the BNS and group 2 (denoted as IlI-2) contains 23 stations north of, and on, the
BNS (Figure 5). Ras 3 and 4 of Figure 4 stvathe Pn spectra from KNET and theatw
groups of INDEPTH lll stations. As in the case of Pn spectra from the explosions (top
two rows in Hgure 4), the spectra from the earthgeidrottom two rows) also ghibit
substantial variations within each netk. Theaveages of Pn spectra from KNET and
INDEPTH Il stations also exhibit a frequendependent separation, indicating more
severe attenuation of the Tibetan mantle lid at higher frequendibsre are also notable
differences between explosion and earthqugdectra. Whereathe explosion spectra
contain spectralv@rshoot effects near the source corner frequencies (e.ge alddz for
the October 7 explosion), the earthgeigkectra (bottom rows) exhibit nov&rshoot and
decay more gently (see Xie and Patton, 1999, for details).

Stochastic Modeling of Pn Spectra

To quantitatvely estimate Pn Q and source spectra, we use the stochastic modeling
of Pn spectra used by Sereno et al. (1988) and adapted by Xiateor (999). For con-
venience we briefly summarize the modeling here.&@$ume that Pn spectr&(f), can
be modeled by

fA
A(f) = S(NROGE) &b - s (1) @

whereg, A, V are the azimuth, distance and Pn groeloaity, respectiely. Q(f) is Pn Q
(equation (1)).R(8) is the source radiation patterd(f) is an eror term that represents
systematic errors such as a non-unity site response, and random errors caused by ampli-
tude fluctuation.S(f) is the Pn source spectrum, which iseg by the Brunes model

and Modified MuelleMurphy (MMM) model for earthquakes and explosions, respec-
tively (equation (2) of Xie and Patton, 1999). Both modelsehii? asymptotic decays

at high-frequencies, and are grossly characterized by a seismic mamgrih@ corner
frequeny (f;). The MMM model for &plosions also has a spectrakshoot controlled
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by a parametep, which is set as 1.0 by Xie and Patton (1999). In equatiorG(2) is
the geometrical spreading term (G.S.T.) and takes the form,

G(8) = D" (Do/D)" 3)

where 4, is a reference distance, andis the decay rate oA(f) at large distances
(A > Ap). As mentioned in the Introduction, a well kno problem in modeling Pn is that
the values of\; and m are uncertain because of the unknown details of theelakcity
structure. Basedn theoretical and empirical considerations, Seednal, (1988) used
Ay andm of 1 km and 1.3, respeedy, for Scandinavia. Xie (1996) found that thesé v
ues were also within the ranges obtained using syntheticadonms in various 1D
velocity models for central Asia. Therefore Xie anattBn (1999) used thedg andm
values to study Pn spectra fromveeal nearly colocated explosions in th€s, recorded
by the KNET in the west, and the Kazakhstan network (KZNET) in the nddibtain
robust estimates of source and path parameters with a minimum tfaaleasfg them,
Xie and Patton first estimated sour€ge values using the empirical Greenfunction
method, and path-variable Pn Q using a-station and a compositgeat method. These
estimates were then input as a priori knowledge to an Bayes®sammethod to mea-
sure My and refinedf. values for all explosions. The Pn Q values by Xie aattdn
(1999) are apparent because of the specific GuSell, but are ratst because the multi-
ple-erent, multiple-constraints used. These values will be used as a priori knowledge in
this study.

Estimates of Apparent Pn Q to Indepth Stations

The October 7 explosion was recorded by 8 KNET stations. VdnageQg, andn
to these stations were estimated to be 381 and 0.4, resfyefie and Patton, 1999).
We input these values to the Bayesian method to estimate sdyrck and path-ari-
ableQy, n values to the INDEPTH Il stations (Equation (2), also see equation (13) of Xie
and Patton, 1999). Figure 6\rd.) shows the fit of the resulting source spectral and path
Q models to the observed spectra from the INDEPTH Il network and KNEBE esti-
matedM,, f. values are the same as thosevimesly obtained by Xie and Patton (1999;
3.2 x 10 Nm and 2.6 Hz, respeetly). The estimated @erage Q, vaue to the
INDEPTH Il stations is 25863, which is 30% lower than the value of 364 to all 12
KNET stations estimated by Xie and Patton (1999). Meeagern to INDEPTH Il sta-
tions is 0.@0.1, which is much lower than theesagen of 0.5 estimated to the KNET
stations. The June 10 explosion is rekyi poorly recorded as mentioned in a\poeis
section. V& ae not confident at estimating Q using thadne.

Earthquak 9.030 was recorded by all 12 KNET stations and 38 INDEPTH Il sta-
tions. We assume that for this earthquelhe source radiation patterR(@) in equation
(2)) does not vary significantly to the former and latter stations. This assumption is justi-
fied quantitaitely in the Appendix. The assumption allows us to use YeeageQ, 7
values to KNET estimated by Xie and Patton (1999; 364 and 0.5, respgcdis a priori
information in the Bayesian wearsion in the same way as we did fopksions. The
resulting estimates of sourdé, and f, values are 2.4% 10'® Nm and 0.8 Hz, respec-
tively. Our f. estimate has an uncertainty of about 0.1 Hz andng sonsistent with the
estimatedf, range between 0.72 and 0.78 Hz for thieng obtained separately using an

13



empirical Greers function method by DMark Fisk (M. Fisk, written communication,
September2006). TheaveageQ, andn vaues to the southern station group, IlI-1, are
estimated to be 2548 and 0.10.1. These values are similar to those to the INDEPTH II
stations estimated ab® By contrast, the erageQq, ands, vaues to station group 1ll-2,
located to the north of BNS, are estimated to bet38&nd 0.20.1, respectiely.

The Qg and, estimates presented in this section are those along long paths from
LTS and contain small crustal segments in both the source andereeed, and short
mantle segments in theafim Basin. The two-station method (Xie et al., 2004), when
applicable, can minimize effects of both attenuation outside the networks and the source
radiation. V¢ dtempted to use that method to estimate Pn Q along the INDEPTH pro-
files but obtained very unstable gagve) Q values. This is caused by theganariability
of Pn spectral amplitudes within the INDEPTH Il and IIl netks (Figure 4) which
means errorsX( f) in equation (2)) are lge. Xieet al. (2004) pointed out that at aey
frequeng, the effect of error X(f)) in Q estimates could be suppressed by usirge lar
measuring distances. Unfortunately the INDEPTH profiles are short (< 350 or 400 km;
see Figure 1), resulting in small inter-station distances that are not adequate to suppress
the largeX(f).

Apparent Pn Q along Passcal Profiles in Eastern Tibet

Stations deployed during the 1991-1992 Sino-US Tibetan Platgaeriment
(Owens et al., 1993) recorded Pn spectra from fagiomal earthquakes (Figures 1 and
5) that are approximately in line with profiles SANG-TUNL and SANG/GANZ-MAQI in
eastern bet. Interstation distances along these profiles are generally large sddbie ef
of the error term X(f)) in two-station Q measurements should be reduced (last section).
We wse Pn spectra along these profiles to estimate spectral ratios frgnpaurarof two-
stations. Theseatios are thenvaraged along profiles SANG-TUNL, SANG/GANZ-
MAQI and WNDO-TUNL to estimat®, andn using equation (4) of Xie et a(2004),
replacingV, 4 by a Pn phase velocity of 8.0 km/s. Profile SANG/GANZ-MAQI is geelr
from two subprofiles SANG-M&I and GANZ-MAQI. Profile WNDO-TUNL is actu-
ally the northern half of profile SANG-TUNL,; it is used to see if Pn Q changes from
south to north along profile SANG-TUNL that crosses the BNS. Figure 7 shows the
stacled spectral ratios (SSRs) along the three profiles and the best fitting moQgls of
andn. At most frequencies (> 0.7 Hz) the SSRs closely foltbe straight lines repre-
senting the best fitting models. The SSRs at frequencies lower than 0.7 Hz are abnormally
small along all profiles. These may be caused by a trend of increaeictg ef modeling
errors X(f)) in Q estimates t@ard lower frequencies, as predicted by Xie et al. (2004).
The Qo and  values estimated along profile SANG-TUNL are 228 and 0.10.1,
respectrely (Figure 7), similar to those estimated for paths from Lop Nor to the
INDEPTH stations in southern Tibet (last section). There is no significant north-south
change o0fQq and# values along profile SANG-TUNL since the values estimated along
its northern half (profile WNDO-TUNL) are 2%32 and 0.@0.1 (Figure 7), virtually the
same as those estimated along the entire profie Q, and, estimated along profile
SANG/GANZ-MAQI, which is located in the easternmost TB, are abouiS374nd
0.3t0.1, similar to the alues of 364 and 0.5 estimated for paths from the Lop Nor to
KNET (Xie and Patton, 1999, also see the last section).
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A Comparison of Pn Attenuation in Continental Regions

Figure 5 summarizes all apparé€py andn values estimated in this study and Xie
and Patton (1999) for regions in and around the Tibetan plateauearsthdn. Paths from
the LTS to north centraliet are associated with theaestQ, ((11.83). HigherQ, val-
ues are found along paths from LTS to south cenitatTand along the wvprofiles in
eastern Tibet. Thes®, and 7 values allav us to @mpare Pn attenuation in the TP to
those in other continentalg®ns. Asmentioned in the Introduction, therevieamly
been fev previous publications documenting Pn attenuation on continents-a¢dional
distances. The published Pn Q values are obtained usfiegedif G.S.T(Sereno et al.,
1988; Zhu et al., 1991; Xie ancton, 1999).To compare them with those obtained in
this studywe @alculate models of total Pn attenuation in the frequelooain at a refer
ence distance of 1200 km (Figure 8). The calculation simultaneously accounts for the
G.S.T used, and the estimated Pn Bn attenuation models are similar for the re&hfi
stable regions where mantle Pn velocities are higher than 8.0 km/s, including the Cana-
dian shield, Scandinavia, central Asia and easternmost Tibet (omitted in Figure 8; see
caption). Thisis so despite that the G.S.0sed for the Canadian Shield by Zhu et al.
(1991) has a frequency-dependent fornrmsfl. 07+ 0. 035f, rather tharm=1.3 used for
other regions.

The lovest model (corresponding to the strongest Pn attenuation) in Figure 8 is that
for paths from LTS to northernifet (model "N. TP"). At all frequencies the model is
below those for the stable regions, but the differences are more dragdrd toigher fre-
guencies. A# Hz the differences are more than a factor of 100e second lest
model in Figure 8 is Model C. TRhich at most frequencies is much beliose for sta-
ble regions, while being somewhat higher than model N.ThEre are tw possible
causes for models N.H and C. TP. to be bwer than models for stablegiens. Théfirst
one is that the intrinsiQ, under northern Tibet may bewoThis cause is empirically
supported by the monotonic increase of the differences between the Tibetan and other
models with frequencin Figure 8. Such frequegcontent shift among seismic spectra is
a typical indicator of a varying Q (e.g., Ruzaikin et al., 197ah Bnd Lay2002; Xie et
al., 2002). A physical reasoning for this cause is based on dge that intrinsicQ, is
known to be strongly dependent on temperature (e.g., Mitchell, 1995). As mentioned in
the Introduction, analyses of laterariations in Pn velocity ha led to the inference that
the temperature in the mantle lid under north centitaétTis abnormally high, lély
reaching the solidus and causing partial melting. By contrast, the lid temperature beneath
southern Tbet (south of the BNS in Figures 1 and 5) is abnormally daing to the
underthrusting Indian lithosphere. Since model N. TP most heavily samples the hot lid
under north central Tibet, it is expected to be mdsttdd by the lv Q, caused by high
temperature there. Model C.FTis devdoped for paths from LTS to southern Tibet (Fig-
ure 5) and samples a mixture of the hot lid under north central Tibet and cold lid under
southern Tibet, so thevarageQ,, is expected to be higher than that of model N.;T
making model C. 'P. somevhat abee N. T.P. These gpectedQ, levels well explain
why models N.TP. and C.TP. are the first and second lowest in Figure 8. The second
possible cause for the ™ models to be v is a regonal variation of the near Moho-
velocity structure. Studies using synthetic seismogramge hsdaovn that the Pn
wavetrain may be composed ofvihg and whispering-gallery aves whose propagtion
efficieng, or G.S.T.,, may be sensite © details of the velocity structure near the Moho
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(Menke and Richards, 1980; 1983; Sereno andeBj 1990; Kaerna and Doornbos,
1991). Inparticular a positive lid velocity gradient may retain more Pn aJeby refrac-

tion. Likewise an enhanced distribution of horizontally elateg scatterers in the mantle

lid or lower crust may strengthen Pn by forward-scattering (e.g., §ydied., 1995,
Morozov and Smithson, 2000; Neack and Stacg 2002; Neilsen and Thybo, 2003)\s

will be elaborated bela, we can not rule out this second cause because we fundamentally
lack knowledge of detailed regional velocity structureslired.

Discussion

In this study we hae measured apparent Pn Q with a simplified geometrical
spreading term (G.S.T.) & 13, That G.S.Twas used in the past in Scandinavia and cen-
tral Asia (Sereno et al., 1990; Xie and Patton, 1999) and is within a range of G.S.T
obtained using synthetic Pnawdorms in various 1D velocity models for central Asia
(Xie, 1996). We @an not impree that G.S.T using synthetic seismogram calculations
because we do not Ve cetailed knowledge of theelocity structure in the vicinity of the
Moho. For example, previous Pn velocity models for thE Tack the resolution for
inferring whether there is an abnormallygegve 21b-Moho gradient under north-central
Tibet (e.g., 8301 Group, 1988; Zhao and Xie, 1993; McNamara et al., 198&tying
features of 3D scatterers, such as their density and aspect ratios that may stfecigly af
Pn G.S.T(end of last section) would beesn more difficult as it requiresven higher res-
olution. Zhuet al. (1991) proposed to use the obsdr?n spectral ratios to simultane-
ously fit a frequency-dependent G.Saiid Pn Q model A concern about that approach
is that there is likely a tradefdfetween the estimated G.Sahd Q (Sereno et al., 1990;

Xie and Patton, 1999)To se if such trade-bexists in our dataset, we conduct numeri-
cal tests in which we fit torstation spectral ratios along the Passcal profiles in eastern
Tibet by \arious combinations of G.S.&nd Q, and examine Womuch the resulting
residuals ary. Figure 9 shows an example of such tests, in which stacked spectral ratios
along profile SANG-TUNL are fit by the G.S.& m=1.07+0.0035 estimated by

Zhu et al. (1991), together with@ and, of 241 and 0.20. The residual of thisuii is
0.6646. In comparison, the residual obtained earlier uniadl. 3,Q, =278 and7 =0.1

(top panel of Figure 7; replotted in Figure 9) is 0.6660. Thesedsiduals differ by only
0.2%, suggesting a nearly complete traddsefween G.S.1T(m) and Q Qy andn). Since

we will unlikely be able to acquire precise kviedge of the Pn G.S.Bnd its rgional
variations in the near future, the estimated Pn Q will be apparent Q which only approxi-
mates the true Q. Such apparent Q does natigadnput for a precise estimate of lid
temperature using a Q-T relationship (e.g., Mitchell, 1995). In the practical path correc-
tions, total Pn attenuation that combines the effects of Pn Q and the res@&2StiT.
should be used.

Conclusions

Pn attenuation is studied using data from three PASSCAL experiments in the
Tibetan Plateau (TP), including the 1991-1992 Sino-USHEPINDEPTH (International
Deep Profiling of Tibet and the Himalaya) Il and I¥periments. Threseismic gents
in the Lop Nor Test Site (LTS) are simultaneously recorded by the INDEPTH II and Il
networks to the south and the ¥ighistan netwrk (KNET) to the west, at similaaf-
regional distances>(1050 km). A comparison of the recorded Pn spectra yields direct
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evidence that the mantle lid under the TB is more atteveiitan that under central Asia
at high frequencies (> 1 Hz). At 4 Hz, thefeliEnce in attenuations cause the INDEPTH
spectra to be about a factor of 35 smaller than the KNET spectra.

Under a simplified Pn geometrical spreadinddf®, we measureQ, andn (appar-
ent Pn Q at 1 Hz and its frequgrsependence, respeatly) along various path groups.
For paths from LTS to northern Tibet we estima&)g, n to be 18333 and 0.30.1,
respectrely. For paths to southern Tibet, and along a profile (SANG-TUNL) in eastern
Tibet deployed during the 1991-199%periment,Q, increases to alve 50, while
decreases to about 0.0-0.Along a profile in the easternmost Tibet (SANG/GANZ-
MAQI), Qg increases further to 3#81, whilen is 0.3:t0.1. These alues are similar to
those of 364 and 0.5 measured along central Asian paths from LTS to KNET.

We ckfine total Pn attenuation as the combined effect of geometrical spreading and
finite Q and calculate it at a reference distance of 1200 km dnous continental
regions. Inthe stable regions of central Asia, Scandiaand the Canadian shield where
Pn velocity is higher than 8.0 km/s, Pn attenuation is similavly ldmong regions in
and around the TIPn dtenuation is the strongest under north central Tibet, and decreases
toward the south and east. In the easternmosPmRtenuation becomes asn@s hat in
the stable rgions. Thespatial variation of Pn attenuation correlateisely with that of
Pn \elocity. A probable cause of this phenomenon is that Pn attenuation is directly
affected by the intrinsiQ,, in the mantle lid, where aaviation in temperature causes
bothQ, andv, to vary. Itis dso possible that regional variations of velocity structure in
the vicinity of the Moho, such asawations of lid gradient and/or density and aspect
ratios of the 3D scatterers, also play a role in causing regionally variable Pn attenuation.
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Appendix
Potential Radiation Pattern from the 1999 Earthquake

In theory Pn pectra from earthquak®.030 may be affected by a non-isotropic
source radiation patterfiR(6) in equation (2)). In this appendix we demonstrate that the
effect of this pattern is small and, when ignored, should ngt teused significant errors
in Pn Q estimates. First we note that this study uses finiteaRdrains, which are less
vulnerable to the radiation pattern than are the first Pn pulses (Zhao and Ebel, Tb993).
further explore the iedl of the radiation pattern fronvent 99.030, we calculate synthetic
Pn wavdrains using (1) 1-D velocity model "M1" by Roexket al. (1993), and (2) the
centroid moment-tensor (CMT) solutions by Han and U.S. Geological Swy both
solutions characterizing the source as an obliquefgrse rupture. These synthetics are
then used to predict Pn radiation pattern to the directions of KNET and INDEPTH Ill sta-
tions (roughly west and south, respedti). The radiation predicted using the Hars
solution is about 30% higher to KNET than to INDEPTH Il stations. An almasttly
opposite prediction is obtained using the USGS solution. Perturbing theslbbity
model and focal solutions cause variations of the predictions, but the range afithe v
tions is small, presumably because neither station group is near the Pn nodal planes.
Variations in radiation pattern of suchvée (£30% when comparing the KNET paths to
the INDEPTH paths) are less than the observed spectral variations within each station
group (Figure 4).We @an estimate the relag aror in PnQ, measurement caused by an
error ox arising from an unaccountefd(g) of 1.3, using equation (A8) of Xie et al.
(2004). Assumingyx=0.3,V=7.6 km/s,f=1 Hz, andA=1200 km, we obtaidQy/Q, of
16% and 11% when the tr@@, is 260 and 175, respeatly. These relatie arors inQ
are rather small and acceptable. In the true Earth structure, 3D scattering should occur to
further smooth-out gnradiation pattern at the high-frequencies.

Next we empirically examine whether by ignoring the effect of non-isotrBf4g,
our estimates of); and, to the INDEPTH Il stations are significantly biased (see sec-
tion "Estimates of Apparent Pn Q to Indepth Stations"). Because group llI-1 of stations
are located in southernbet and are close to the INDEPTH Il stations (here after referred
to as "group II"; see Figures 1 and 5), the@nands from the October 7, 1994plo-
sion (which should not e a ron-isotropicR(#)) to station group Il should be similar to
those from earthquak®.030 to station group llI-1. If there is a significantly non-
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isotropic R(8) by event 99.030, then ignoring it should result in a biased s€yadndn
estimates wer paths to group Ill-1. The bias shouldveamasked the similarity between
Qo andn values to group IlI-1 and those to group II. In the main text we ign&@dl
and estimatedvarageQg, andn values to station group lll-1 to be 2688 and 0.10.1,
respectrely. These values are close to those ofi#ZEBand 0.80.1, estimated for paths
to station group Il. This presezd similarity empirically demonstrates that a potential
bias in the the estimated, and , values, caused by a non-isotrogi{g) from event
99.030, is small. As a further precaution, we repeated the procedure of esti@zaimg

n values using the southern half (8) stations of the 15-station group lll-1. These 8 stations
are @en doser to the INDEPTH Il stations as yheend to @erlap (Figures 1 and 5). &/
obtained werageQ, andn estimates of 25812 and 0.80.1, respectiely. These walues
are similar to those obtained using all 15 IlI-1 stations and shat our empirical infer
ence on smalR(8) is robust.
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Figure Captions

Figure 1 Map of study area. See inset annotation for symbols representing tectonic
boundaries and seismic stations. The Sino-U.S. (91-92) and INDEPTH Il and Il stations
were temporarily deployed during three PASSCAbpeariments in ibet. TheKhyrghis-

tan Network (KNET) is a permanent network. Regional earthquakes used in this study are
shavn as open circles. Earthquekwhose ID numbers start with 91 and 92 occurred in
years 1991 and 1992 (see Table 2 of McNamara et al., 1995 fovdtteparameters).
Earthquak 9.030 is anM\,=5.5 (m,=5.9) event that occurred on January 30, 1999, at
3:51:5.4 UT Stars are the June 10 and October 7, 1994 Lop Nor explosions (Table 1 of
Xie and Patton, 1999). White, medium and dark grays represesti@hs of greater

than 4000 M, between 2000-4000 M, and less than 2000 M, resheciihe abbreia-

tions are: MTB - Main Thrust Belt, 1YS - Indusdng Suture; BNS - Banggong-Nujiang
Suture; JRS - Jinsha\rr Suture, KF - Kunlun Fault, ATF - Altyn Tagh Fault, LTS - Lop
Nor Test Site.

Figure 2 Vertical component record section from the INDEPTH II stations recording
the October 7, 1994 explosiom(=5.9). Predicted anal times corresponding to approx-
imate Pn and Lg group velocities of 7.6 and 3.5 km/s areadanl gray lines. Lg is
blocked. See Figure 3 of Xie and Patton (1999) for the record section from the KNET.

Figure 3 Time series containing the Pravdrain and the preceding noise (top), and
Fourier spectra (bottom) from INDEPTH Il station BB15 recording the Octob&pid-e
sion. For clarity only two of the five ggnal windows (the first and third windows) are
shavn by the dashed cueg on the top. Upper and lower black curves in the bottom are
spectra from individual signal and noise windows. The spectrum in gray igciage of

the Pn signal spectra.

Figure 4 Pn pectra from explosions and earthgeak the Lop Nor region of eastern
Tarim Basin. Spectra are scaled hy° to reduce the effect of geometrical spreading.
Each rov is from one gent as indicated at lower left, with "EX" and "EQ" indicating
explosions and earthquaksee Figure 1). The INDEPTH lll stations are divided into
two groups (IlI-1 in rev 3 and 11I-2 in row 4), located to the south and north of the BNS
(Figures 1 and 5). Left columns shandividual spectra from KNET and INDEPTH net-
works as black and gray cuas, with the network name and number of recording stations
written nearby Right columns she the network weraged spectra and the associated
sample standard deviations. Therage distances are marked.

Figure 5 Map showing paths used in this study and the estimaté@,Rnd s values.

The events and stations are the same as those plotted in Figure 1. Black paths are from
earthquak 9.030 to station group llI-2, sampling the northern Tibetan Plateaint

gray paths are those from the 1994 explosions to INDEPTH II stations, or from earth-
quale 9.030 to station group IlI-1, sampling a mixture of northern and soutlieetan
Plateau. White paths are from explosions and eartleg@aR30 to KNET Dashed lines
plotted in darker gray are paths from thgioeal earthquakes to the 1991-1992SB-

CAL stations, used in the two-station Pn Q measurements. Three profiles are formed:
SANG-TUNL, WNDO-TUNL which is a subprofile of SANG-TUNL, and
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SANG/GANZ-MAQI which is merged from tw sub-profiles SANG-MAQI and GANZ-
MAQI. Theend stations along these profiles (SANG, TUNL, WNDO, SANG, GANZ
and MAQI) are written. See McNamara et al. (1995) for other station names. T@g Pn
andn values are written near the pathssowhich the are estimated @ues for paths in
gray are the\arage to station groups Il and Ill-1); obligue numbers are those obtained
using the two-station method.

Figure 6 Network averaged Pn spectra (fluctuating curves), and the model spectra
(smooth curves) corresponding tovo1, 3 and 4 of Figure 4. Model spectra are con-
structed using the MMM or Brune source model, the estimated sbycé. and path-
avaagedQ, andn values. Similarlyto Figure 4, black and gray are used for spectra from
KNET and INDEPTH netarks. Thenetwork name and pathveragedQ, andn values

are written near the cugg. Note that only 8 KNET stations recorded the October 7
explosion, so thewaerageQ, is 381, rather than 364 obtained using all 10 KNET stations
(Xie and Patton, 1999).

Figure 7 Stacked spectral ratios (SSRs) calculated along three profiles in eadtetn T
(dots) and the best-fitting models@§ andn (straight lines).Profile names and numbers

of two-station pairs used are written on the top of each panel (see Figure 5 for profile
locations). The frequegdands used, and estimat@d and, vaues are written inside

the panels.

Figure 8 Pn dtenuation models calculated for various regions from published abserv
tions, at a reference distance of 1200 km. Each model is plotted in the frecaeye of
obsenation. Model'Canadian S." is for the Canadian shield, calculated usinQg4laad

n values and the G.S.Tbhy Zhu et al. (1991). Model "Scandinavia" is from Sereno et al.
(1988). Model'C. Asia" is for central Asia (Xie and Patton, 1999; this studyhdels

"C. TP." and "N. TP are obtained from this study for paths running from LTS to stations
in south-central Tibet and north-centrabét (gray and black paths in Figure 5), respec-
tively. Values ofQ, andn of the models obtained in this study are written. Models for
east Tibet (along profile SANG-TUNL in Figure 5) and easternmost Tibet (along profile
SANG/GANZ-MAQI), both obtained in this study are not plotted becauseateesimi-

lar to Models C. TP and C. Asia (see section "Apparent Pn Q aksgrd®t Profiles in
Eastern Tibet"), respeudly.

Figure 9 Stacked spectral ratios (SSRs) calculated along profile SANG-TUNL using a
G.S.T correction ofm=1. 07+ 0. 035f (in gray), versus SSRs with a G.Scérrection of

m=1.3 (in black; the same as in the top panel of Figure 7). The b&gtditds models

and resulting residuals are indicated. The residuals differ from each other by less than
0.2%, indicating a virtually complete tradd-between G.S.Tand Q, and s for the data

used in this studyThe former G.S.Tis estimated for the Canadian shield by Zhu et al
(1991) and is used here to illustrate the parameter trade-off.
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Eurasia from Rayleigh-wave Phase and Amplitude Data
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2Institute of Earth Sciences, Academia Sinica, Taiwan

Yonsei University, Korea

Abstract

We have mapped lateral variations of crustal and upper-mantle shear-wave

velocity and shear attenuation (1/Q,,) in eastern Eurasia using a new joint inversion
procedure based on three-dimensional partial-derivative (Fréchet) kernels. In our
analysis, we utilized Rayleigh waves with periods longer than ~15 s, derived from
regional and near-teleseismic earthquakes. We collected and analyzed 859 vertical-
component seismograms, derived from over 133 events with M, > 5.5 that occurred
within the eastern Eurasia region (10°-60°N, 70°-140°E) between 2000-2006. The data
were recorded on 71 broadband seismic stations within eastern Eurasia (10°-60°N, 80°-
140°E). The seismograms were evaluated for signal-to-noise within the band of interest
(10 mHz — 80 mHz) by comparing the records to complete normal-mode synthetic
seismograms for radially symmetric and transversely anisotropic reference models. We
then made 15,462 mutually consistent measurements of frequency-dependent traveltime
and amplitude anomalies for surface waves by cross-correlation between records and
synthetics. We used coupled normal-mode summation to compute the three-dimensional
Fréchet kernels of these traveltime and amplitude anomalies to both the elastic shear-

wave speeds fand shear-wave quality factor Q,, values. Our starting model for Q,, was
extracted from a recent global model of upper-mantle attenuation. The frequency-
dependent traveltime and amplitude anomalies were jointly inverted for three-
dimensional models of both elastic and anelastic structures. This coupled inversion
allowed us to account for the effects on amplitudes from elastic heterogeneities such as
scattering, focusing and defocusing, as well as the effects of anelastic dispersion on the
traveltimes. The regional models we have obtained provide lateral resolution of about
400 km in the crust and upper mantle. In the crust, high values of Q,, are concentrated in
eastern China, extending southward from the north China craton, while a clear low-Q
anomaly in the crust beneath northern Tibet. In the upper mantle, the model is
characterized by a lithosphere with very high Q values ranging from 250-400, underlain
by a low-Q asthenosphere with O, 0f 60-100. The lateral variation of the upper-mantle O,
perturbation appears to correlate with the lateral variation in the inverted shear-velocity
perturbation.

Introduction

Accurate event detection, identification, and characterization are critical
components of the US nuclear monitoring program. A necessity for improving these
estimates is the more accurate estimation of seismic attenuation rate (or its inverse, Q),
which controls the amplitudes of seismic phases upon which the assessments are based.
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Q is known to vary widely in continental regions, making reliable estimates of it critically
important, but also quite difficult. O is also frequency dependent, which makes it difficult
to determine whether Q estimates derived from different phases with different frequency
characteristics are a result of intrinsic frequency dependence, or differences in structural
sampling. Finally, O estimates are derived from seismic amplitudes, which are also
strongly dependent on elastic effects such as wavefield focusing and scattering. As a
result, robust tomographic (3D) quantification of Q on regional scales remains in its
infancy.

We address this problem by developing and applying a comprehensive waveform
analysis and inversion scheme to simultaneously estimate 3D variations in shear velocity
(p) and shear-wave attenuation (or more precisely, its inverse, the shear-wave quality
factor Q) from Rayleigh waves recorded in eastern Eurasia. The analysis technique
characterizes phase and amplitude residuals between recorded and synthetic Rayleigh
waves, and inverts them using new three-dimensional sensitivity (Fréchet) kernels for
structural perturbations. The analysis spans a frequency band from 0.01-0.05 Hz, with the
low frequency estimates providing a stable long-wavelength framework from which we
bootstrap to higher frequency. We focus on Rayleigh waves because they provide self-
consistent spatial and depth constraints on O, in the crust and upper mantle across a
broad frequency band. In Eurasia, Rayleigh waves from regional and near-teleseismic
events give good spatial coverage, and can quantify large-scale regional trends and the
effects of long-wavelength scattering. The resulting model spans all of China, the Korean
peninsula, and much of Southeast Asia, and can be used to place localized high-
frequency observations (e.g. Lg, Pg, S,, Py) into a larger regional context.

Data Collection

Our data set consists of broadband Rayleigh waves that traverse Eastern Eurasia.
The seismic records were recorded on instruments from the IRIS GSN, cooperating
networks such as the CDSN, and several IRIS PASSCAL experiments from Asia. All
data were collected from IRIS DMC. The stations used are distributed in the region from
10°N - 60°N and 80°E - 140°E. We used stations recording either an LHZ or BHZ
component, with a total of 71 stations. Events occurred in the region between 10°N -
60°N and 70°E - 140°E in the time period between 2000 and 2006. The magnitudes are
greater than M, 5.5. The initial dataset was cleaned to remove data with a signal-to-noise
level of less than approximately 2 in the central portion of the frequency band (0.02-0.1
Hz), as well as data clearly contaminated by glitches or other problems. The final number
of records used is 859 from 133 events. The final event and station distribution as well as
the spatial path coverage associated with this data is shown in Figure 1.

Methodology

We analyzed the selected seismograms using the generalized seismological data
functionals (GSDF) method (Gee and Jordan, 1992; Gaherty et al., 1996), where the
phase-delay times ot,(@,) and differential amplitudes &4(@,) of observed Rayleigh waves
were measured relative to complete normal-mode synthetic seismograms as a function of
frequency @, across the 0.01-0.05 Hz band. This methodology utilizes synthetic
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seismograms of a target wavegroup (in this case the fundamental-mode Rayleigh waves)
to estimate phase delays and relative amplitudes of the observed arrival relative to the
synthetic as a function of frequency. An example of the GSDF processing is shown in
Figure 2. To make the GSDF measurements, the synthetic wavegroup, called an
“isolation filter”, is cross-correlated with both the data and a complete synthetic
seismogram. The resulting cross-correlagrams are windowed and narrow-band
(Gaussian) filtered at discrete frequency intervals between 0.01 and 0.05 Hz, and the peak
phase and amplitude of each correlagram is estimated at each frequency. Referencing the
observations to a synthetic/isolation-filter cross-correlation in this fashion allows us to
account for interference from unmodeled wavegroups and minimizes bias associated with
windowing and filtering. The synthetics are complete from 0-50 mHz (all periods longer
than 12.5 s), and are calculated for a reference models (Figure 3) constructed from a
composite of [ASP91 for mantle shear and compressional velocities; Crust 2.0 for local
crustal velocity perturbations (Laske et al., 2001); a mantle Q,, profile for the China
region extracted from a recent global model (Dalton and Ekstrom, 2006); and a crustal Q,,
profile derived from analysis of regional phases (Jemberie and Mitchell, 2004).

These observations characterize the observed wavefield characteristics in a
manner similar to traditional estimates of phase velocity and spectral amplitudes. They
differ from the traditional estimates in that they are relative to a reference model (similar
to travel-time residuals), and thus can be directly inverted for improved velocity and QO
structure using a linearized Gaussian-Bayesian approach (e.g. Gaherty et al., 1996). In the
frequency domain, we can map the synthetic waveform u,(®) into the observed

waveform u,(w) using two frequency-dependent, time-like quantities d7,(®) and Ory( W)
(@) = u(w)exp{io[ 5t (w) +id7,(0)]}. (1)

The GSDF measurements of ot (@,) (X = p, q) are weighted averages of o7x over a narrow
frequency-band centered on @,. As shown in Chen et al. (2006), these frequency-
dependent GSDF measurements can completely capture the waveform information if the
sampling in frequency domain is dense enough. And the GSDF measurements are well
suited for the tomographic inverse problem. In particular, their linearization is based on
the Rytov approximation, which is valid for large accumulative phase-shifts as long as
the phase perturbation per wavelength is small (Chernov 1960; Snieder & Lomax 1996).
This is much less restrictive than the Born approximation, which requires small
accumulative phase-shifts.

The sensitivity (Fréchet) kernels for our GSDF measurements with respect to
shear-wave velocity fand attenuation O, were computed using the “full wave” approach
of Zhao & Jordan (2006). First, we linearize the relation between GSDF measurements
and waveform perturbation

sdy = | dt T (1) Sui(x,.0), (2)
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where d; as the n-th GSDF measurement made on the i-th component of the
seismogram, which is generated by source s and recorded at receiver r. Exact expressions
of the seismogram functional J, (¢#) for GSDF measurements are give in Chen (2005).
Second, we linearize the relation between waveform perturbation and the perturbation to
the density dp(x) and elastic/anelastic modulus tensor &c ;,,, (x) using the Born

approximation
sui(x, ) =—| dvo) | df{Z[Gy (X, — 1)’ (x, 7) ()
+2.8,G, (x,,t = T:x) O}, (X, D) & 1, (x)]}

The exact Fréchet kernels for GSDF measurements can therefore be expressed as

Ky () = = | dt] dz fn’(f)ZGﬂ(X - 1,X,)00u (X, 7), (4)

K (x) = - | dt] de(06,G (x.t - T:x,) 8,15, (%, 7), (5)

which generally involves the convolution between gradients of the forward earthquake
wavefields u, (x,¢) with the gradient of the transposed “receiver Green tensor” (RGT)
G (x,1;x,) (Zhao et al. 2006). Because both the forward earthquake wavefields and the
RGTs were computed using the normal-mode theory, which provides the exact solution
to the wave equation in a 1D reference model, the Fréchet kernels constructed this way
can account for the full physics of wave propagation including multipathing and non-
geometrical arrivals (Zhao & Jordan 2006).

When intrinsic attenuation is taken into account, the (real) elasticity tensor is
replaced by a complex tensor:

Cam = {K(W)[lﬂQ (w)]——ﬂ(w)[lﬂQ (a))]}

+uo)[1+i0, (@)](6 O+ 030) + ¥ i

(6)

where O, and Q, are the quality factors for the incompressibility x and the shear

modulus g, respectively. In (6), the elasticity tensor has been decomposed into a purely
isotropic part expressed in terms of x and x and a purely anisotropic part y,, , and the

intrinsic attenuation of only the purely isotropic part is considered (Dahlen & Tromp
1998). Substituting the complex tensor in equation (6) into equation (3), we can obtain a
linearized relation between the waveform perturbation ou;(x,,?) and the perturbations
30, and 6Q,. From this linearized relation and equation (2) we can derive the expressions

for the Fréchet kernels of the GSDF measurements with respect to the shear-wave
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velocity fand attenuation factor Q,. Figure 4 shows examples of Fréchet kernels of

phase-delay time o, with respect to shear-wave velocity and amplitude-reduction time
Otq with respect to shear-wave velocity and @, for a Rayleigh wave at 35 mHz.

Results

We made 7,731 frequency-dependent phase-delay time (ot,) and 7,731 amplitude
anomaly measurements () for the Rayleigh waves on the selected 859 high-quality
vertical-component seismograms at 9 frequencies ranging from 10 mHz to 50 mHz. The
15,462 GSDF measurements were then inverted jointly for both shear-wave velocity
perturbation of/f3 and attenuation perturbation 60,/ O, using the full-wave Fréchet
kernels (Figure 4). This joint inversion for both shear velocity and attenuation allows us
to account for the effects of scattering and focusing/defocusing effects on waveform
amplitudes cause by elastic heterogeneities using the amplitude kernels with respect to
shear velocity. The phase-delay measurements included in the inversion provide
additional constraints on shear velocity. In this model, we do not incorporate the
frequency-dependence of Qm; the derived models are appropriate for a center frequency
of ~25 mHz, and assume constant Q over a frequency band of 0.01-0.06 Hz.

Our modeling volume extends from 70° E to 141° E in longitude, from 10° N to
58° N in latitude and from 0 km to 280 km in depth. We discretized the modeling volume
into 2° by 2° blocks with a vertical dimension varying from 10 km at shallower depth to
40 km at larger depth. The model parameters are assumed to be constant within each
block. This parameterization results in 21,600 model parameters considering both shear
velocity perturbation 0f/f3 and attenuation perturbation 60,/ Q.. The sensitivity kernels,
which were originally computed on a 1° by 1° grid with vertical grid spacing of 1 km,
were then averaged over each 2° block. We introduced 266 additional model parameters
to account for the unknown errors in source origin time and scalar moment for the 133
earthquakes used in this study. The total number of model parameters used in our
inversion is 21,866.

The resulting linear system was then scaled using a data-weighting matrix C,'

and concatenated with the “roughing operator” C_"*, which is a linear combination of
the Laplacian operator (Constable et al. 1987; Sambridge 1990; Tarantola 2005) and the
identity operator, i.e. C,""> = @I+ AV?). Using this definition of the “roughing operator”,
we impose our prior information on the inversion; i.e., we assume that in the absence of
any other information, the model perturbation is smooth and small. We note that the
corresponding “smoothing operator” C..* can be generated from an exponential
correlation function, whose correlation length is proportional to A. In practice, the
Laplacian operator is approximated numerically by finite differencing. The final linear
system that we solve is

C—1/2A C—l/2d
-
C’ 0
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where matrix A contains the averaged sensitivity kernels for each GSDF measurement,
om is the model parameter vector and d is the data vector. The linear system specified by
equation (7) was solved using a parallelized LSQR subroutine from the PETSc parallel
scientific computing library (Balay et al. 2004). The LSQR method (Paige & Saunders
1982), which is a type of conjugate-gradient method, provides a very efficient means for
solving large-scale sparse linear systems.

We have carried out a series of inversions to construct the trade-off curves
between variance reduction and model smoothness (Figure 5). Our preferred model
EAF3D locates around the corners of the trade-off curves. Figure 6 shows this preferred
model at 12 different depths. This model provides a variance reduction of about 52% and
is relatively smooth.

An important indicator of the resolution of our inversion is the spatial coverage of
all the Fréchet kernels used in the inversion. In Figure 7, we have plotted the summation
of the absolute values of all the kernels within each block of our modeling volume. The

best kernel coverage is in the crust and upper mantle; the coverage is still decent down to
a depth of about 170 km.

Discussion

In general, the inverted model perturbation EAF3D is geologically reasonable.
For shear-velocity perturbation, the amplitude ranges from -5% to 5%. Spatially, the
velocity model shows a broad region of low shear-wave speeds in central and western
China that extend through the crust and upper mantle, with higher velocities to the east.
These velocity anomalies are derived primarily to account for their effect on wave
amplitude (and thus Q), and thus are not the focus of this study. For Q, perturbation, the
amplitude ranges from -40% to 40%. In the crust, high values of O, are concentrated in
eastern China, extending southward from the north China craton. This result is in good
agreement with variations observed by Jemborie and Mitchell (2004) from Rayleigh
waves, and also generally agrees with the result of Xie et al., (2005) derived from high
frequency Lg observations. A clear low-Q anomaly in the crust beneath northern Tibet
is also in good agreement with previous studies (Jemborie and Mitchell, 2004; Xie et al.,
2005), and the anomaly persists well into the upper mantle (Fig 6b).

A general feature of our inverted O, perturbation is that at shallower depth in the
lithosphere, the average perturbation is positive; while at larger depth in the
asthenosphere, the average perturbation is negative. This inverted O, perturbation seems
to enhance the depth gradient that already exists in the 1D reference model (Figure 3). If
we apply the inverted Q,, perturbation to the 1D reference model, we obtain an updated
3D model that characterizes both the lateral and depth variation of the absolute value of
Q,throughout the region (Figure 8). In the crust, O, varies from a minimum of 75 to a
maximum near 200. This is similar to the range observed by Jemborie and Mitchell
(2004), although in detail their minimum value beneath Tibet is slightly slower (~40),
and our maximum values beneath eastern China are slightly higher than theirs. These
differences are likely due to resolution differences in the models. Jemborie and Mitchell
likely contain better resolution in the upper crust, while our explicit inclusion of O
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variations in the mantle may result in improved Q, estimates in the lower crust. Further
tests of these models are underway to evaluate this issue.

In the upper mantle, the model is characterized by very high Q values ranging
from 250-400. This is largely driven by the high-Q region in eastern China. The result is
robust, in that the starting model had a relatively high-Q lid (Figure 3), but the relative
amplitude residuals for the Rayleigh-wave frequencies sensitive to lid structure clearly
required even higher O on average. As a result of model smoothness constraints, the
absolute value of Q in the low Q region of western China is likely overestimated. Below
the lid, the Q drops to very low values in the range of 60-100. Again, on average these
values seem to be quite robust, as the amplitudes of the long-period Rayleigh waves were
persistently low, despite the low-Q asthenosphere in the starting model. This sharp
transition from a high-Q lid to a low-Q asthenosphere appears to persist throughout most
of China at depths of 135 km and greater.

The lateral variation of the upper-mantle O, perturbation seems to correlate with
the lateral variation in the inverted shear-velocity perturbation. This result is consistent
with the conclusion reached by Xie (2006) based on spectral analysis on P, arrivals from
1 Hz to 10 Hz. In Xie (2006), this lateral variation of attenuation is interpreted as a result
of temperature variation in the mantle lid under Tibet, i.e. the temperature in the mantle
lid under northern Tibet is abnormally high and causes partial melting while it is
abnormally low under southern and eastern Tibet due to the underthrusting Indian
lithosphere.

We emphasize that these models are preliminary. We are currently updating the
models by incorporating two improvements:

1. We are incorporating the effects of variable topography of major discontinuities
such as the Moho. Explicit expressions for the Fréchet kernels of the waveform
with respect to discontinuity topography are given in Dahlen (2005). We can
incorporate this information into our tomographic inversion either as explicit
constraints in our model parameterization or correct for the effects of variable
topography on our GSDF measurements using the exact Fréchet kernels. We are
testing both approaches

2. We will increase the upper bound of our inverted frequency range from 50 mHz
to 80 mHz. Currently, our synthetics and measurements extend to 80 mHz, but the
high-frequency observations are still being evaluated for stability. They have not
been included in the models presented here. Once these data have been evaluated
(specifically, corrected for the effects of cycle skipping), they will be included in
the inversion.

Conclusions

We have developed a comprehensive waveform analysis and inversion scheme to
simultaneously estimate 3D variations in shear velocity (/) and shear-wave quality factor
0., and applied this scheme to a large Rayleigh waves dataset sampling eastern Eurasia.
The analysis technique characterizes phase and amplitude residuals between recorded and
synthetic Rayleigh waves, and inverts them using new three-dimensional sensitivity
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(Fréchet) kernels for structural perturbations. The joint inversion allows us to
incorporate the effects of wavefield focusing and scattering on wave amplitudes,
improving our ability to resolve variations in attenuation. The analysis spans a frequency
band from 0.01-0.05 Hz, with the low frequency estimates providing a stable long-
wavelength framework from which we bootstrap to higher frequency. The resulting
model provides self-consistent spatial and depth constraints on Q,, in the crust and upper
mantle, with spatial resolution of several hundred kilometers. Spatial variations of O,
observed in the crust generally agree with those observed from higher-frequency crustal
phases. Spatial variations in the mantle O, correlate with shear velocity, with high O,
lithosphere observed in eastern China, and a low Q,, region found beneath Tibet. The
average attenuation across the region appears to be highly stratified, with a very high O,
lithosphere underlain by very low Q, in the asthenosphere.
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Figure 1. Sour-station path coverage for our current inversion. Harvard CMT solutions
are plotted at the epicenters of the earthquakes. Stations are shown as blue triangles. Red
lines shows source-station paths used in our inversion.
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Figure 2. An example of GSDF data processing. (a) observed seismogram; (b) complete
synthetic seismogram, the isolation filter is shown in red; (c) cross-correlagram between
the isolation filter and the observed seismogram; (d) cross-correlagram between the
isolation filter and the complete synthetic seismogram; (e) frequency-dependent phase-
delay measurements; (f) frequency-dependent amplitude anomaly measurements.

44



0 T T T 0 T T
-50 | - -50 | -
-100 - - -100 - -
=
=
= -150F - -150F -
=]
Q2
~
-200 B -200 B
250 — 250 —
_300 1 1 | | _300 1 1 | |
0 2 4 6 8 10 50 100 150 200 250 300
p (kg/m®), B (km/s), & (kmv/s) Q,
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Figure 4(a). Partial derivative kernels for phase-delay with respect to shear velocity, for
a typical Rayleigh wave observation. (top panel) Broadband (5-60 mHz) Rayleigh
waveform selected for analysis (dashed lines represent window). (middle panel) Cross-
section of kernel within the vertical source-receiver plane. (bottom panel) Plan view of
kernel at depth 20 km.
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Figure 4(b). Partial derivative kernels for relative amplitude with respect to shear
velocity, for the example Rayleigh-wave observation in Figure 1(a). (top panel) Cross-
section of kernels within the vertical source-receiver plane. (bottom panel) Plan view of
kernel at depth 20 km.
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Figure 4(c). Partial derivative kernels for relative amplitude with respect to Q,, for the
same Rayleigh wave example from Figure 1(a). (Ieft) Cross-sections of kernels within
the vertical source-receiver plane, as well as perpendicular to the path, midway between
source and receiver. (right) Plan view of kernels at depths of 5, 20, and 100 km. In all
kernels, color scale is such that blue indicates regions where an increase in Q, will
produce an increase in predicted Rayleigh-wave amplitude
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Figure 8(b) The updated 3D shear-wave attenuation model for eastern Eurasia obtained
by applying the 3D perturbation (Figure 6) to the 1D reference model, for depths of 169-

281 km.
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